Introduction
Saliva plays an essential role in the maintenance of the healthy human life. Salivary gland function is, however, easily impaired by aging, inflammation, medication, and autoimmune diseases such as Sjögren's syndrome and collagen diseases. The biological mechanism of the impairment of salivary gland function has been studied, but a detailed understanding of it has not yet been achieved. However, it has been supposed that reactive oxygen species (ROS) are involved in the impairment of salivary gland function due to aging, inflammation, drugs, and ionizing irradiation [1] [2] [3] [4] . Not only extracellular but also intracellular ROS regulate cellular biological activities by activation and also suppression of proteins as well as by modification of DNA [5] [6] [7] . To eliminate the damage by ROS, all kinds of animal and plant cells possess ROS-scavenging and ROS-inactivation systems.
These systems include antioxidant proteins such as superoxide dismutase (SOD), heme oxygenase-1, and ceruloplasmin [8] [9] [10] . 
, and hypochlorous acid (HClO). In addition to these ROS, there are a variety of oxidized reactive lipids, which are associated with damage of blood vessel walls, perfusion-induced damage of the brain, and apoptotic degeneration of liver and kidney cells [11] [12] [13] [14] . The oxidase complex consists of membrane-bound flavocytochrome b 558 , four cytosolic regulators (p67 phox , p47 phox , p40 phox ), and a small GTPase (Rac1 or Rac2) [15] . Production of O 2 -is induced by stimuli such as bacteria, fungi, cytokines and chemicals, which trigger the translocation of cytosolic regulators to the cell membrane, resulting in their association with flavocytochrome b 558 [15] .
Over the last several years, six homologues of gp91 phox , also termed Nox2, have been identified and categorized systematically as the NADPH oxidase (Nox) family [16] . The family contains seven members: Nox1 through Nox5 and the dual oxidases, Duox1 and Duox2. Nox1 is abundantly expressed in colon epithelial cells and is regarded to play a role in host defense in the colon [17] . Nox2 (gp91 phox ) is predominantly expressed in phagocytes [15] and Nox3 exists in the inner ear of rodents, and is essential for the otoconium formation [18] . Nox4 is highly expressed in epithelial cells of renal tubules [19] and also in vascular endothelial cells [20] . Nox5 is predominantly expressed in the testis and spleen but its biological role is unknown [21] . Studies of the protein and mRNA expression and the function of the Nox family in the salivary gland have not been reported.
In this study, we hypothesized that radiation-induced hypofunction of the salivary glands would be closely associated with ROS which are generated in the salivary gland tissues, and we aimed to clarify the involvement of Nox family mRNAs and proteins in the 
Real-time PCR
The first-strand cDNA was analyzed with the ABI Prism 7000 sequence detection system and TaqMan reagent (PE Applied Biosystems, Foster City, CA) using the standard curve method according to the manufacturer's instructions. recommendations. After 24 h, the cultures were irradiated.
Analysis of apoptosis
Cells exposed to γ-rays were trypsinized, washed once with complete medium and stained with propidium iodide and fluorescein isothiocyanate (FITC)-conjugated annexin V (Sigma, St. Louis, MO, USA) according to the manufacturer's instructions. The cells were then analyzed using a FACScan cytometer (using the CellQuest Program; Becton Dickinson, San Jose, CA, USA).
Measurement of intracellular ROS generation
Intracellular ROS production was measured using a fluorescent dye, dichlorofluorescein diacetate (DCFH-DA), which is converted to DCFH by esterases when it is taken up by cells. DCFH reacts with ROS to give a new highly fluorescent compound, dichlorofluorescein, which can be analyzed using a FACScan cytometer. Cells that underwent the treatment indicated were incubated with DCFH-DA (5μM) at 37 °C for 15 min.
The cells were rinsed twice with phosphate-buffered saline (PBS) and then analyzed by using a FACScan cytometer.
Assays for SOD and catalase activities
Cells were plated at a concentration of 20×10 4 cells/dish in 35-mm dishes. After 24 h of cultivation, the cells were irradiated (10 Gy) and then lysed in TNE lysis buffer. After centrifugation at 14,000 rpm for 10 min at 4 °C, the supernatants were obtained and SOD and
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catalase activities in the supernatants were assayed using an SOD Assay Kit-WST (Dojindo Molecular Technologies, Gaithersburg, MD) and an Amplex Red Catalase Assay Kit (Molecular Probes, Eugene, OR), respectively. Both activities were calibrated using a standard curve prepared with purified human SOD and catalase and they were expressed as units (U)/mg protein.
Statistical analysis
Results are expressed as the mean ± SEM. Differences were compared by
Mann-Whitney's U-test and p values of less than 0.05 were considered statistically significant.
Results

The sensitivity of NS-SV-AC and NS-SV-DC cells to γ-rays
When NS-SV-AC cells were exposed to a single dose irradiation of 5 or 10 Gy, their growth was inhibited to approximately 25% and 60% of the control level, respectively. In NS-SV-DC cells, the growth inhibition was approximately 20% after both 5 and 10 Gy irradiation, indicating that NS-SV-DC cells were rather non-sensitive to γ-rays compared with NS-SV-AC cells (Fig. 1A) . Apoptosis in the irradiated NS-SV-AC cells was increased in a time-dependent manner and the apoptotic cell number was increased to approximately 15% of the total cells at 24 h after the irradiation. On the other hand, the number of apoptotic cells in the irradiated NS-SV-DC cells was only 3% 24 h after the irradiation (Fig. 1B) . The １２ pretreatment of NS-SV-AC cells with N-acetylcystein (NAC), a ROS antioxidant, or apocynin, an NADPH oxidase inhibitor, suppressed apoptosis: the percentage of apoptotic cells among the total cells was decreased to approximately 7% and 5% at 24 h after 10 Gy irradiation, respectively (Fig. 1B) .
The ROS levels in NS-SV-AC cells were increased during the first 6 h after the irradiation and were slightly decreased at 8 h (Fig. 1C) . The increase of ROS generation was strongly suppressed by pretreatment of NC-SV-AC cells with NAC or apocynin. Compared to the ROS levels in NS-SV-AC cells, the levels in NS-SV-DC cells were markedly lower, and only a slight increase was observed at 2 h after the irradiation.
Nox1 induction by γ-rays
RT-PCR of Nox1-5 and Duox1 and 2 demonstrated that Nox1, 2 and 4-mRNAs were expressed in nontreated NS-SV-AC cells, and Nox2, 3 and 4-mRNA were expressed in nontreated NS-SV-DC cells ( Fig. 2A) . The expression levels of Nox2, 3 and 4-mRNAs were not changed by the irradiation, but Nox1-mRNA was upregulated by γ-ray irradiation in NS-SV-AC cells. In NS-SV-DC cells, elevation of Nox1-mRNA by irradiation was not observed. Real-time PCR and Western blotting for Nox1 demonstrated that Nox1-mRNA and protein were weakly expressed in NS-SV-AC cells, but were not detected in NS-SV-DC cells (Fig. 2B ). Nox1-mRNA was markedly increased 30 min after the irradiation and the protein level was clearly increased in NS-SV-AC cells 6 h after 10 Gy irradiation, but the １３ message was not increased in irradiated NS-SV-DC cells.
Suppression of γ-rays induced ROS production and apoptosis by Nox1-siRNA
Nox1-siRNA-transfected NS-SV-AC cells were exposed to a single dose of 10 Gy irradiation, and ROS production and apoptosis were examined. The ROS levels in control siRNA-transfected NS-SV-AC cells were increased to approximately 3 fold of the control levels 6 h after the 10 Gy irradiation, but the increase of ROS levels was suppressed by
Nox1-siRNA-transfection to approximately 2 fold of the control level (Fig. 3A) . The transfection of Nox2-siRNA caused only a minimum decrease of the ROS levels, and Nox3-and 4-siRNAs did not have any influence on the ROS levels. The increase of Nox1-mRNA was strongly suppressed by the siRNA-transfection (Fig. 3B ). In parallel with the suppression of ROS generation and Nox1-mRNA expression by Nox1-siRNA, radiation-induced apoptosis in Nox1-siRNA-transfected NS-SV-AC cells was decreased to approximately half of the control (8% versus 15% of the total cells, respectively) (Fig. 3C ).
Mn-SOD and catalase activities in NS-SV-AC and NS-SV-DC cells
The expression of Mn-SOD was increased 2 h after γ-ray treatment in NS-SV-AC cells, but was not increased in NS-SV-DC cells (Fig. 4A) . The de novo Mn-SOD activity in both kinds of cells was nearly the same, 8 U/mg protein, but whereas radiation upregulated the Mn-SOD activity in NS-SV-AC cells (the Mn-SOD activity in NS-SV-AC cells was
increased to approximately 1.5 fold of the de novo level at 4 h after the radiation), the enzyme １４ activity in NS-SV-DC cells was constant even after the radiation (Fig. 4B) . On the other hand, the expression of catalase and its activity in NS-SV-DC cells were almost the same as those in NS-SV-AC cells and the catalase activity in both kinds of cells was increased to nearly equal extents by the radiation (Figs. 4C and 4D ).
Discussion
The regulation of physiological and pathological reactions induced by ROS has been clarified in a variety kinds of cells, including human intact cells [11] [12] [13] [14] and transformed cells [23, 24] . Along with studies on ROS generation, increasing studies of the role of Nox mechanisms of the impairment [25, 26] . The involvement of ROS in the possible mechanisms has been reported [4] . Therefore, the demonstration of the involvement of ROS in the mechanism of the impairment should aid in designing the prophylaxis and treatment of physiological as well as iatrogenic hypofunction of the salivary glands.
There have been a few studies on the expression of Nox family mRNAs and proteins in different kinds of human cells [15] [16] [17] [18] [19] [20] [21] , but very few studies on the expression of Nox1 to Nox5 in the salivary glands even though it has been reported that salivary gland ducts express Duox1 [27] . platelet-derived growth factor induce the expression of Nox1 in vascular smooth muscle cells [28] [29] [30] [31] [32] [33] . Moreover, it has been demonstrated that mitochondrial-derived ROS positively regulate the expression of Nox1 [34] , and that LPS-stimulated expression of Nox1 was profoundly suppressed in the presence of antioxidants [35] . Thus, the expression of Nox1 appears to be regulated by complex systems which differ according to the kind of cells.
Because ionizing irradiation of cells causes the generation of ROS in mitochondria,
γ-ray-induced upregulation of Nox1-mRNA expression in NS-SV-AC cells appears to be mediated by ROS generated in mitochondria. Further studies may clarify the pathways involved in the transcriptional activation of the Nox1 gene.
In the present study, ionizing irradiation-induced ROS generation in NS-SV-AC cells was strongly suppressed by Nox1-siRNA-transfection. However, the transfection of Nox2-siRNA caused only a minimum decrease of the ROS levels. These results indicate that Nox1 and Nox2 are strongly and weakly, respectively, involved in the γ-ray-induced ROS generation in NS-SV-AC cells. Nox2 forms a mutually stabilizing complex with p22 phox and the activation of Nox2 requires membrane translocation of p47 phox , p67 phox and Rac [15] .
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Nox1 can function even in the absence of p22 phox , although p22 phox is required for the full activity of Nox1 [36] . Furthermore, Nox1 but not Nox2 can also be activated by the p47 phox homologue Noxo1 (Nox organizer 1) and the p67 phox homologue Noxa1 (Nox activator 1) [37] . Therefore, the strong involvement of Nox1 and the minimal involvement of Nox2 in γ-ray-induced ROS generation in NS-SV-AC cells may be due to different activities of their regulatory proteins.
Neither Nox3-siRNA nor Nox4-siRNA influenced the γ-ray-induced ROS generation in NS-SV-AC cells. The present study did not examine the details of the role of Nox4.
However, this result appears to indicate that Nox4 is not involved in ionizing irradiation-induced ROS generation, although it has been reported that Nox3 and Nox4 are constitutively active and that they produce some amount of O 2 - [38, 39] .
Nox4-siRNA did not influence the γ-ray-induced ROS generation in NS-SV-AC cells.
This result appears to indicate that Nox4 is not involved in ionizing irradiation-induced ROS generation. Although it has been reported that Nox3 and Nox4 are constitutively active and produce a small but significant amount of O 2 - [38, 39] , the physiological function and regulation of the expression of Nox3 and Nox4, which are expressed in only NS-SV-DC cells and in both cell lines, respectively, in the salivary gland are currently unknown.
The intracellular ROS level is regulated by the balance of ROS production and elimination. There were no large differences in total SOD or catalase activities in １８ NS-SV-AC and NS-SV-DC cells, although the post-irradiated ROS level in NS-SV-AC cells was higher than that in NS-SV-DC cells. It is clinically well known that acinar cells are more sensitive to radiotherapy than ductal cells. It has been reported that radiation-induced salivary gland dysfunction is associated with the water-handling capacity of the acini and the number of acinar cells in the gland [40] . Our results supported these clinical and experimental findings. The high sensitivity of acinar cells to radiation appears to be based on the intracellular ROS level, which is determined by the ROS-generating capacity rather than the ROS-scavenging capacity.
In conclusion, this study demonstrated that human salivary gland acinar cells strongly expressed Nox1, 2 and 4, and that the knockdown of Nox1 inhibited ionizing irradiation-induced apoptosis. These results indicate that Nox1 play a pivotal role in ionizing irradiation-induced ROS generation, which is associated with salivary gland injury.
Therefore, the Nox1 gene may be targeted for preservation of the salivary gland function from impairment induced by radiotherapy and aging. 
